The bond properties of concrete joints in different conditions were investigated through tension softening diagrams in addition to conventional flexural bond strength. Conditions to obtain good bond properties were clarified. The size effect on the flexural bond strength was discussed. The fracture energy (area under the tension softening diagram) was a more sensitive index than the conventional flexural bond strength for the evaluation of concrete joints. The wash-out method combined with a paper sheet containing retarder was efficient to obtain a rough joint surface and good bond properties. The size effect on the strength was well predicted through numerical analysis with tension softening diagrams. The effect of size on the shape of the determined tension softening diagram was not remarkable.
INTRODUCTION
The tension softening diagram, which is the relationship between the transfer tensile stress and the crack opening in a fracture process zone of concrete, is one of the efficient fracture mechanics parameters.
Numerical analysis with a tension softening diagram can well describe the fracture behavior of concrete. Although it is a tension property, as illustrated in Fig. 1 , the diagram has usually been determined from easy bending tests of beam specimens instead of direct tensile tests, which are more difficult to be performed. It should be stressed that the tension softening diagram is the direct tension property including the tensile strength and the fracture energy.
The performance based design method is expected to be one of the advanced approaches to spread throughout the world in the coming future. The performance of structures must be well required and then rightly evaluated through appropriate methods. In the discussion of the failure behavior of structures, the whole load-displacement curves including the elastic region, the peak (ultimate) and also the post-peak region, as illustrated in Fig. 2 , seem to be necessary for future advanced design approaches. Constitutive relations such as the tension softening diagram are needed for the numerical analysis of the whole failure behavior of structures. Because good bond properties are required for concrete joints in many cases, many investigations have been carried out2-3). The roughness of the joint surface 4, the mix proportions of concrete and the construction methods are the main factors affecting the bond properties. Flexural bond strength has been used as an index to evaluate the bond properties at concrete joints. It is known that there is a size effect on the flexural strength and that the flexural strength of large specimens can not be well predicted based on results of small specimens. The performance of the concrete joint must be more appropriately Table 1 Test conditions   3io evaluated.
In this study, the bond properties of concrete joints were evaluated by means of the tension softening diagrams and the fracture energy, which is the area under the diagram, in addition to the conventional flexural bond strength. Conditions to obtain good bond properties were investigated. The size effect on the flexural bond strength was discussed. The results of our preliminary studies5>, 6> are included in the first half part of this study.
OUTLINES OF EXPERIMENTS AND ANALYSIS (1) Specimens
The test conditions are summarized in Table 1 . Thirteen series of tests were divided into two parts: Test I and Test II. Each series consisted of 4 or more beam specimens. A notch of 1/3 of the specimen depth was made by a concrete saw or by an embedded plastic plate at the tension side. The specimens were made of normal concrete. Mix proportions of old and new concrete are shown in Table 2 . The properties of the concrete are tabulated in Table 3 .
The main factors in Test I were the direction of joint surfaces and the surface treatments including the placement of mortar between old and new concrete. The specimens were 100 X 200 X 1200 mm (width X depth X length) and had a joint at the center except for Series NJ. The joint surface was taken to be horizontal for Series HJ, HN and HS, and vertical for the rest, as sketched in Fig. 3 . In Series HJ, a fracture surface after bending tests was adopted as a joint surface. No roughening treatment was done on the joint surface of Series HN. In Series HS, VS, VSM and VSK, the joint surface was roughened by washing out surface mortar, where the hardening was delayed by placing a paper sheet containing retarder. Normal strength mortar (cement:water:sand=1.0:0.35:2.35) and high strength mortar (cement:water:sand=1.0:0.27 1. 8) were placed on the joint surface of old concrete before pouring new concrete in Series VSM and VSK, respectively. Crushed stone, Maximum size 15mm **: AE water reducing agent Table 3 Properties of concrete In Test II, the effect of specimen size on both the flexural bond strength and the shape of tension softening diagrams was examined using different size specimens: 100, 200 and 400 mm in depth. As shown in Fig. 3 , the loading direction was parallel to the casting direction in Series T, but perpendicular in Series Y. The joint surface was roughened by the above-mentioned wash-out method.
(2) Bending test
As illustrated in Fig. 4 , four-point bending tests were carried out. The applied load and the crack mouth opening (CMOD) were recorded for all series. The displacement (deflection) of the beam was also measured at load applying points in Series NJ and Hi.
(3) Determination of tension softening diagrams
The poly-linear approximation analysis method's combined with the finite element analysis with a fictitious crack model8 was used for the determination of the tension softening diagrams. The shape of the diagram was determined step by step, so that the analytical load-CMOD (or -displacement) curve agreed with the experimental one. The program was revealed to everyone in a committee report9 and was distributed through the Internet.
EFECT OF JOINT SURFACE CON-DITIONS (Test I)
(1) Load-displacement curves and load-CMOD curves The test results of Series NJ (with no joint) and The load-displacement curve and the load-CMOD curve were simulated through FEM with the determined diagrams and are plotted in Fig. 5 . The numerical results were in good accordance with the experimental results. It can be concluded that the load-CMOD curve is more suitable for determination of tension softening diagrams than the load-displacement curve because of the simplicity in measurement. For this reason, only load-CMOD curves were used in other series in this study.
(2) Shape of tension softening diagrams of Test I
The load-displacement curves of the rest series of Test I and the averaged curves are presented in Fig. 6 . The determined tension softening diagrams of all series of Test I are given in Fig. 7 . The simulated results are also plotted in Fig. 6 . It is seen from Fig. 7 that the tension softening diagrams can visually distinguish the difference in bond properties.
In the case of Series HJ, where new concrete was placed on the fracture surface after bending tests, the shape of the diagram was close to that of Series NJ with no joint. It would be effective to use a duplication of fracture surfaces as a form for concrete products requiring good bond properties.
The shape of the diagram of Series VSK, where high strength mortar was put between old and new concrete, was also close to that of Series NJ. It has been known that the placement of mortar on a joint surface is effective for good bonding. From the Table 4 . The flexural bond strengths were calculated in consideration of the moment induced by the weight of a specimen and loading apparatus. The fracture energy was defined as the area under the tension softening diagram up to the crack width of 0. 02 mm in this study. Further discussions will be needed for selection of the limit for the crack width. It is known that the area under the diagram for narrower crack width has a larger effect on the flexural strength' '
The ratios of the flexural bond strength and the fracture energy of each series to Series NJ with no joint are shown in Table 4 and indicated in Fig. 8 .
It is clear from Fig. 8 that the fracture energy was a more sensitive index than the conventional flexural bond strength for the evaluation of bond properties of concrete joints. It is seen from results of Series HJ, HN and HS, that the wash-out method combined with a paper sheet having retarder was effective to obtain a rough surface and good bond properties. The horizontal joint surface of Series HS had better bond properties than the vertical one of Series VS due to less effect of bleeding. The bar chart of Series VSM and VSK in Fig. 8 also indicates that the use of the high strength mortar between old and new concrete gave better results. (1) Shape of tension softening diagrams of Test II In Fig. 9 , individual load-CMOD curves of Series T and Y are shown by thin lines and the averaged curves by thick lines. The determined tension softening diagrams of each series are shown in Fig. 10 . The shapes of the diagrams were similar with each other irrespective of the specimen size, except for Series Y40, where the stress was slightly lower than others. It was not made clear whether this was an experimental scatter or the essential nature. However, we can conclude that the size effect on the shape of the tension softening diagram was not remarkable in the rage of this study.
(2) Size effect on flexural bond strength
The experimental flexural bond strengths with the increasing specimen size are tabulated in Table 5 , together with the analytical results up to the beam Table 5 Flexural bond strengths of Test II *: Using averaged tension softening diagram shown in Fig. 10(d) depth of 1, 000 mm. The averaged diagram shown in Fig. 10 (d) was adopted in the numerical analysis. The size effect on the flexural bond strength was recognized. Good accordance was observed between the experimental and analytical results.
One of the advantages of the tension softening diagram is that we can discuss the fracture behavior of concrete beyond the range of experiments through a numerical analysis with the diagram. For beam specimens with and without a notch up to the beam depth of 1, 000 mm, the flexural bond strengths were calculated using the tension softening diagram of Series T and Y ( Fig.  10 (d) ) and are shown by broken lines in Fig. 11 . The experimental results are also shown by solid lines in Fig. 11 . In addition, the flexural strengths of beam specimens with no joint were calculated using the diagram of Series NJ for comparison and are shown in Fig. 11 . The flexural strength of beam specimens with no notch tended to approach the tensile strength (stress at the softening start point) with an increase in the beam depth. On the other hand, the flexural strength of notched beam specimens decreased remarkably with the increasing beam depth. The decreasing rate for jointed specimens was larger than that for specimens with no joint. It can be observed that the strength of notched beam specimens approaches the solutions of LEFM, when the specimen becomes very large. Additional experimental data are needed for the detailed discussions.
CONCLUSIONS
The tension softening diagrams determined from both load-displacement curves and load-CMOD curves were similar. We concluded that the load-CMOD curve was more suitable for the determination than the load-displacement curve because of the simplicity in measurement.
The bond properties of concrete joints, which were treated in different ways, were able to be characterized with the shape of the tension softening diagrams. The fracture energy (area under the diagram) was a more sensitive index than the conventional flexural bond strength for the evaluation of bond properties of concrete joints.
The wash-out method combined with a paper sheet having retarder was effective to obtain good bonding. The horizontal joint surface had a better bond property than the vertical one. The use of the higher strength mortar between old and new concrete gave better results. The joint on a fracture surface had a good bond property.
There was a size effect on the flexural bond strength at concrete joints. The size effect was predicted through a numerical analysis with tension softening diagrams. The effect of size on the shape of the tension softening diagram was not remarkable. The numerical analysis with tension softening diagrams was efficient to discuss the fracture behavior of concrete beyond experiments. 
